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a  b  s  t  r  a  c  t
A  combination  of  medium  energy  ion scattering  (MEIS),  grazing  incidence  small  angle  X-ray  scattering
and  transmission  electron  microscopy  techniques  was  used  to investigate  a planar  set of Pb  nanoparticles
(NPs)  located  at  the  SiO2/Si  interface  synthesized  by ion implantation,  and  the  bimodal  NPs’  shape  nature
of  this  system  was  revealed.  The  present  results  help  to improve  the understanding  of the  use  of  MEIS  on
the  investigation  of the  microstructural  and  morphological  properties  of buried  nanostructured  systemseywords:
edium energy ion scattering
anoparticles
ransmission electron microscopy
razing incidence small-angle X-ray
cattering
and  show  the  importance  of  the  combination  with  appropriate  complementary  techniques.
©  2014  Elsevier  B.V.  All  rights  reserved.. Introduction
In addition to phase and composition of individual particles,
he physical and chemical properties of nanoparticles (NPs) sys-
ems may  depend on their shapes, sizes and size distribution
ffecting e.g. quantum conﬁnement and thermal properties [1,2].
he determination of number density and overall order of the NP
pace arrangement are also important for systems presenting inter-
ctions among the particles. Particularly, for NPs arrangements
mbedded in a solid matrix, a detailed microstructural character-
zation is usually accomplished via e.g. conventional transmission
lectron microscopy (TEM) observations and/or grazing incidence
mall angle X-ray diffraction (GISAXS) measurements [3–7]. How-
ver, there are many difﬁculties associated to the quantiﬁcation
f the elements fractions present contained in the particles and
he fraction dissolved in the surrounding matrix, atomically and/or
s a small cluster [8]. Accurate quantitative measurements of
tomic/elemental concentrations can be provided by techniques
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’énergie atomique, Grenoble, France. Tel.: (+33) 438789864.
E-mail address: dario.f.sanchez@gmail.com (D.F. Sanchez).
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le,  France.
ttp://dx.doi.org/10.1016/j.apsusc.2014.09.190
169-4332/© 2014 Elsevier B.V. All rights reserved.such as Rutherford Backscattering (RBS), medium energy ion scat-
tering (MEIS) or secondary ion mass spectrometry (SIMS). The
combination of TEM with RBS [9], of TEM, RBS, GISAXS and MEIS [8]
and, also, of GISAXS and extended X-ray absorption ﬁne structure
(EXAFS) [10] has been successfully used correlating microstructural
information with the solute ﬁeld in the matrix which surrounds the
particles.
Through the MEIS measurements analysis on surface located
NPs systems, within certain limits, it has been successfully obtained
a combination of composition and microstructure information such
as NPs shape, sizes and number density [11–14]. The information
obtained through MEIS measurements can be further reﬁned by
ﬁtting the experimental data with simulated ones using appropri-
ate codes such as the PowerMeis [8,15–19]. The PowerMeis code
has been further improved [8,20] in order to account for multiple
scattering effects, which blur the information from deeper regions
of the substrate [16]. As a consequence, the application range of
MEIS measurements can be expanded towards the determination
of structural information also of buried NPs systems.
In the present work, we  expand our previous investigations
[8,16] considering the characterization of distinct 2-dimensional
and condensed Pb NPs buried under a 200 nm thick silica layer. We
combine standard high resolution TEM and high angle annular dark
ﬁled scanning TEM (HAADF-STEM) observations with GISAXS and
MEIS measurements in order to obtain the detailed microstructural
Surface Science 321 (2014) 80–85 81
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Fig. 1. (a) HRTEM micrograph from a [0 1 1] oriented sample presenting a cross-
section view of the NPs partially embedded in the Si matrix, and, (b) plan-view
image (bright ﬁeld, in focus) close to the (0 0 1) zone axis, showing square basedD.F. Sanchez et al. / Applied 
nd morphological information. Through this procedure, we could
eveal the bimodal NPs’ shape nature of this system. The results
btained demonstrate the strength and the pitfalls from each tech-
ique, leading to the conclusion that MEIS measurements are able
o disclose speciﬁc details of the NP system when properly aided
y TEM or GISAXS data and PowerMeis simulations.
. Experimental
The samples were synthesized by implanting Pb+ ions to a ﬂu-
nce of Ф = 7.8 × 1015 Pb atoms/cm2 accelerated at 300 keV in order
o place the Pb ions (projected range) on the center of a 200 nm thick
hermally grown SiO2/Si (0 0 1) ﬁlm. Then, the ﬁlms were submitted
o a speciﬁc thermal treatment in order to form the Pb NP system
xclusively at the SiO2/Si interface [20,21]. This treatment consists
f an aging treatment (T = 200 ◦C, 100 h) in open atmosphere, fol-
owed by a high temperature annealing (T = 1100 ◦C, 1 h) in high
acuum.
The MEIS measurements were performed using a He+ ion beam
ith energy of 150 keV. The samples were mounted in a 3-axis
oniometer inside the analysis chamber kept under a pressure of
bout 10−7 mbar. Typical ion current was less than 15 nA. The angle
f incidence used was of 10◦ and backscattered He+ ions emerging
rom the target were analyzed in the toroidal electrostatic analyzer
TEA) mounted at 120 degrees with respect to the beam direction.
t the top end of the TEA a set of two microchannel plates coupled
o a position-sensitive detector allows each ion to be energy- and
ngle-analyzed leading to 2-D spectra. The TEA angular aperture
s of 24 degrees and each angle bin corresponds to 0.08 degrees.
he overall energy resolution of the system is about 600 eV. Details
f the data analysis are found in references [15,16,19]. The Pb
mplantations as well the MEIS analysis were performed with the
00 kV electrostatic accelerator from the Ion Implantation Labora-
ory, Physics Institute, at the Federal University of Rio Grande do
ul.
In order to reduce undesired effects in the MEIS analysis, such
s energy-loss straggling and multiple scattering, part of the SiO2
ayer was removed by chemical etching with HF solution, obtaining
 sample with approximately 29 nm of thickness of SiO2, which is
ess than 15% of the original thickness.
The TEM observations were performed at 200 kV, in cross-
ectional and plan-view samples prepared by ion milling. The
amples were characterized via selected area diffraction measure-
ents (SAD) as well as via distinct diffraction and phase contrast
bservations to determine shape, size, size distribution, spatial
rder and phase of the NPs.
The STEM analyses were carried out in a Cs-corrected FEI Titan
0/300 microscope from the Brazilian National Institute of Metrol-
gy (INMETRO). Z-contrast images were acquired through STEM
sing a HAADF detector. The typical lateral resolution was better
han 0.01 nm.
The GISAXS measurements were performed in the Brazilian syn-
hrotron light source LNLS, with 8.5 keV of X-ray energy, with a
ilatus 100 k areal detector, angle of incidence of 0.3◦, sample to
etector distance of 730 mm and with the sample orientated at two
ifferent azimuthal directions, namely 0◦ and 45◦ from the (1 1 0)
irection of the Si substrate.
. Results and discussion
From the TEM images (Fig. 1a and b), the NPs geometrical shape
re modeled as shown in Fig. 1c, with an inverted square pyramidal
rustum with the angle of the basis of 54.7◦ with a high of h into the
i side, and a truncated spherical part into the SiO2 side, with its
enter of curvature located in the Si side, so that, R > radius and alsoNPs  preferentially aligned parallel to the (0 1 1) planes of the matrix. (c) Illustration
of the geometrical shape model obtained from TEM analyses used to modeling the
GISAXS spectra, where are described their parameters.
R > H (see Fig. 1c). This kind of shape has been already observed
for Pb [20] and Sn [21] systems, and the model has already been
reported the same system prepared with a lower Pb implantation
dose [15]. The TEM radius size distribution is shown in Fig. 2a, can
be well described with a log-normal distribution. From TEM plan-
view mode images it were obtained the areal NPs number density
of 3.2 × 1011 NP/cm2, and the pair correlation function (PCF), shown
in Fig. 2b, and also that the square projection of the NPs are prefer-
entially aligned parallel to the (1 1 0) planes of the Si substrate, as
shown in Fig. 1b.
In order to investigate the possibility of the presence of Pb as
atoms or small clusters mixed into the silica or silicon around the
NPs, it were performed Z-contrast STEM experiments through the
use of an HAADF detector which allows us to identify not only
nucleated Pb but, also, under optimal conditions, individual Pb
atoms or even small clusters with sizes around of ∼1 nm. As can
be seen in Fig. 3a and b, it was  not observed individual atoms or
82 D.F. Sanchez et al. / Applied Surface Science 321 (2014) 80–85
Fig. 2. (a) Log-normal radius size distributions obtained from TEM and GISAXS, with their respectively best parameters’ ﬁtting. (b) Good agreement for the pair correlation
functions obtained by TEM and used in the GISAXS analysis.
Fig. 3. (a and b) STEM images detected by a HAADF detector shows Pb clusters into the Si and none into de SiO2 matrix close to the Si/SiO2 interface. (b) Example an exotic
NPs’  shape, more elongated than the average.
Fig. 4. (a and b) Experimental (black points) and ﬁtting (red lines) GISAXS proﬁle for the azimuthal angles 0◦ and 45◦ .
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Fig. 5. (a–c) Experimental and (d–f) the respective best ﬁttings simulated 2D MEIS spectra for different chemical etching times: 20, 25 and 30 min. The respective obtained
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aiO2 thicknesses are indicated in the illustration above the graphics.
lusters into the SiO2 region, but a few into the Si matrix. From
ome STEM-HAADF images (and example is shown in Fig. 3b) it
s observed a few Pb NPs with an exotic geometrical shape, more
longated than the average obtained from the GISAXS analyses.
The geometrical parameters of the Pb NPs and its PCF obtained
rom standard TEM images analysis, shown in Fig. 2b, were used
s input for the GISAXS analysis to be later reﬁned. Analyzing the
ntensity proﬁles with respect to qy for both azimuthal direction
rom qz = 0.42–0.90 nm−1 (Fig. 4a and b), it is observed a good
greement with respect to the two experimental spectra, with the
ollowing parameters: H/R = 0.75; h = 3 nm;  log-normal distribution
f the radius parameter with the mean radius of (4.0 ± 0.3) nm and a
HWM of 2 nm (shown in Fig. 2a). Also a good agreement between
he TEM PCF and the GISAXS PCF is observed in Fig. 2b, which means
hat the areal densities and interparticle distances obtained from
oth techniques are about the same.
For different chemical etching times, the experimental MEIS
nergy-angle 2D spectra are shown in Fig. 5a–c, where the scat-
ering intensity shown are from Pb and Si (from the SiO2 ﬁlm)
toms. For 30 min  of chemical etching it was observed signiﬁcant
educed energy-loss straggling and multiple scattering effects and,
lso, since no impact on the NPs system microstructural propertieswas observed through TEM investigations. The following MEIS
analysis discussed below is related the etching time of 30 min.
The MEIS simulations were performed using the PowerMEIS
software. In order to increase the sensitivity of the MEIS analysis,
the spectra were analyzed as explained as follows. The ion scat-
tering intensities were summed along the whole scattering angle
range of the Pb arc-like signal showed in Fig. 4a, since no over-
lap of the Pb and Si signals was observed, but only after an angle
effect correction caused by the angle dependence of the ion path
length [16]. The same procedure was applied for all the simulated
2D MEIS spectra (Fig. 5d). The simulated spectra were done taking
into account the geometrical parameters obtained from combined
TEM + GISAXS analysis are shown in Fig. 6a and b.
Considering the density of the Pb bulk of 11.34 g/cm3, the
areal NPs density of 3.2 × 1011 NP/cm2 from the TEM analysis
and all the geometrical parameters including the radius distribu-
tion with mean radius of (4.0 ± 0.3) nm from GISAXS analysis, the
obtained amount of Pb present as NPs is of (85 ± 15)% of the total
amount of Pb present in the Si/SiO2 interface region, which is
2.6 × 1015 Pb atoms/cm2, detected both by RBS and MEIS. On other
hand, performing the same calculation taking into account the
radius distribution and the others geometrical parameters obtained
84 D.F. Sanchez et al. / Applied Surface Science 321 (2014) 80–85
F  with 
i he NP
f
N
t
P
i
t
i
p
G
e
ﬁ
g
p
t
c
p
o
f
d
w
t
w
aig. 6. (a–d) Experimental and simulated MEIS proﬁle normalized by the intensity
llustrated above (e and f). To simulate the MEIS spectra it was  taken into account t
rom TEM analysis only, the calculated amount of Pb present as
Ps corresponds to (178 ± 16)% of the total amount of Pb obtained
hrough MEIS and RBS analysis. In addition, the wider simulated
b peak of the MEIS spectra considering the TEM analysis only
ndicates that the NPs’ sizes obtained from TEM are bigger than
hey really are. A possibility for this great discrepancy consider-
ng the data from TEM analysis only may  be the poor sampling
roportioned by this technique.
Also, comparing the MEIS simulated spectra with the TEM and
ISAXS analysis’ results, which includes all the geometrical param-
ters and radius size distribution, as shown in Fig. 4a, a better
tting considering the GISAXS data is observed. However, such
ood agreement with the experimental data is only in the main
eak region (between 116 and 123 keV), and not in higher energy
ail-like Pb signal (energy higher than 124 keV in Fig. 6a–d), which
orresponds to the Pb atoms closer to the surface.
The higher energy tail-like Pb signal could induces one to sup-
ose that there are either a small concentration of diluted Pb atoms
r of small Pb clusters into the silica, just above the Si/SiO2 inter-
ace, which would be not visible by conventional TEM and neither
etectable through GISAXS for this given system. A good ﬁtting
ith the experimental MEIS spectra could be obtained modeling
he system by using one of those assumptions. However, any Pb
as detected in this region by STEM-HAADF observations (Fig. 3a
nd b).different models (linear scale in (a) and (d), and log scale in (b) and (d)), which are
s’ structural information obtained from the combined TEM + GISAXS analyses.
On the other hand, considering that 85% are NPs with the geo-
metrical parameters obtained from GISAXS analysis and, 15% of
the total amount of Pb are those elongated NPs (with radius of
5 nm,  h of 2.1 nm,  H/R equal to one and L of 6 nm,  as illustrated in
Fig. 6f), a good agreement with the experimental data is observed,
as shown in Fig. 6c and d. The corresponding areal NPs number
density of such elongated NPs is about 0.12 × 1011 NPs/cm2, which
would represents only about 4% of the total number of NPs.
4. Conclusions
As the statistics of size distribution and geometrical parameters
obtained from the analysis of cross-section view TEM images come
from about just a hundred NPs over a few hundreds of nm’s into
the sample, it’s hardly achieved a reliable representative structural
information. On other hand the measured MEIS and GISAXS spectra
can be considered as a representative signal from the whole sam-
ple, since both the ion and X-ray beam spots sizes are about of a
few mm’s. However, for the analyses in both techniques a relatively
complex model is required, which may  include many parameters to
be reﬁned. GISAXS is more sensitive to the NPs geometrical shape,
but it has to be included a strong correlation effect and there are
too many parameters to reﬁne, the reason for what the inclusion
of even more parameters from those elongated NPs system would
carry a greater inaccuracy. From the MEIS analysis point of view,
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[D.F. Sanchez et al. / Applied 
ven reducing the SiO2 thickness to ∼29 nm,  a good sensitivity to
he NPs’ shape was not achieved due to the straggling and mul-
iple scattering effects, so the use structural parameters as input
rom others complementary techniques is necessary, from TEM and
ISAXS for example. But MEIS offers a good elemental depth distri-
ution resolution. Also, since through the STEM-HAADF it was  not
bserved a distribution of Pb, as atoms or small clusters of Pb into
he SiO2 matrix just above the NPs at the interface, we  conclude
hat the origin of higher energy tail-like Pb signal does not come
rom the non-detectable Pb by GISAXS and/or conventional TEM.
In addition, the combination of TEM + GISAXS analyses with
EIS opens new perspectives for the investigation of buried nano-
tructures into solid matrices, with interest both in the scientiﬁc
nd technological point of view.
cknowledgements
This work was supported by the agencies Conselho Nacional
e Desenvolvimento Cientíﬁco e Tecnológico (CNPq), Coordenac¸ ão
e Aperfeic¸ oamento de Pessoal de Nível Superior (CAPES) and
undac¸ão de Amparo À Pesquisa do Estado do Rio Grande do Sul
FAPERGS). We  acknowledge the LNLS Brazilian synchrotron for
rovision of synchrotron radiation facilities.eferences
[1] S. Kan, T. Mokari, E. Rothenberg, U. Banin, Nat. Mater. 2 (2003) 155–158.
[2] Ph. Buffat, J.-P. Borel, Phys. Rev. A 13 (1976) 2287–2298;
G. Renaud, R. Lazzari, F. Leroy, Surf. Sci. Rep. 64 (2009) 255–380.
[
[e Science 321 (2014) 80–85 85
[3] G. Biasiol, S. Heun, Phys. Rep. 500 (2011) 117–173.
[4] I. Konomi, S. Hyodo, T. Motohiro, J. Catal. 192 (2000) 11.
[5] M.  Buljana, K. Salamon, P. Dubcek, S. Bernstorff, I.D. Desnica-Frankovic, O. Milat,
U.V. Desnic, Vacuum 71 (2003) 65–70.
[6] G. Kellermann, E. Rodriguez, E. Jimenez, C.L. Cesar, L.C. Barbosa, A.F. Craievich,
J.  Appl. Crystallogr. 43 (2010) 385–393.
[7] F. Kremer, J.M.J. Lopes, F.C. Zawislak, P.F.P. Fichtner, Appl. Phys. Lett. 91 (2007)
083102.
[8] D.F. Sanchez, G. Marmitt, C. Marin, D.L. Baptista, G.  de, M. Azevedo, P.L. Grande,
P.F.P. Fichtner, Sci. Rep. 3 (2013) 3414.
[9] A. Kling, M.I. Ortiz, J. Sangrador, A. Rodríguez, T. Rodríguez, C. Ballesteros, J.C.
Soares, Nucl. Instrum. Meth. Phys. Res. Sect. B 249 (2006) 451–453.
10] A. Gasperini, A. Malachias, G. Fabbris, G. Kellermann, Angelo Gobbi Esteban
Avendan˜o and Gustavo de Medeiros Azevedo, J. Appl. Crystallogr. 45 (2012)
71–84.
11] T. Okazawa, M. Kohyama, Y. Kido, Surf. Sci. 600 (2006) 4430.
12] P.D. Quinn, N.R. Wilson, S.A. Hatﬁeld, C.F. McConville, G.R. Bell, T.C.Q. Noakes,
P.  Bailey, S. Al-Harthi, F. Gard, Appl. Phys. Lett. 87 (2005) 153110.
13] H. Matsumoto, K. Mitsuhara, A. Visikovskiy, T. Akita, N. Toshima, Y. Kido, Nucl.
Instrum. Meth. Phys. Res. Sect. B 268 (2010) 2281.
14] M.A. Sortica, P.L. Grande, G. Machado, L. Miotti, J. Appl. Phys. 106 (2009)
114320.
15] D.F. Sanchez, F.P. Luce, Z.E. Fabrim, M.A. Sortica, P.F.P. Fichtner, P.L. Grande,
Surf. Sci. 605 (2011) 654–658.
16] J. Leveneur, D.F. Sanchez, J. Kennedy, P.L. Grande, G.V.M. Williams, J.B. Metson,
B.C.C. Cowie, J. Nanopart. Res. 14 (2012) 1149.
17] M.A. Sortica, P.L. Grande, C. Radtke, L.G. Almeida, R. Debastiani, J.F. Dias, A.
Hentz, Appl. Phys. Lett. 101 (2012) 023110.
18] K.-W. Jung, H. Yu, W.J. Min, K.-S. Yu, M.A. Sortica, F P.L. Grande, D.W. Moon,
Anal. Chem. 86 (2014) 1091–1097.
19] G. Marmitt, Master Dissertation, UFRGS, Brazil, 2013;
G. Marmitt, A. Hentz, D.F. Sanchez, P.L. Grande, UFRGS Theses and Dissertations
digital repository [http://hdl.handle.net/10183/83675].
20] F.P. Luce, F. Kremer, S. Reboh, Z.E. Fabrim, D.F. Sanchez, F.C. Zawislak, P.F.P.
Fichtner, J. Appl. Phys. 109 (2011) 014320.
21] F. Kremer, J.M.J. Lopes, F.C. Zawislak, P.F.P. Fichtner, Appl. Phys. Lett. 91 (2007)
083102.
